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,QWURGXFWLRQ
6ZLWFKFRQGHQVHULVZLGHO\XVHGLQSHWUROHXPDQGFKHPLFDOLQGXVWULHVHVSHFLDOO\LQSKWKDOLFDQK\GULGHSODQWV$
VZLWFK FRQGHQVHU LV VLPLODU WR D VKHOODQG WXEH KHDW H[FKDQJHU 'XULQJ RSHUDWLRQ WKH KHDW WUDQVIHU RLO WUDYHOV
WKURXJKWKHWXEHIRUKHDWH[FKDQJHUZKLOHWKHSKWKDOLFDQK\GULGHLVFRQGXFWHGWKURXJKWKHVKHOO7KHUHIRUHWKHWXEH
WRWXEHVKHHWMRLQWLVDQLPSRUWDQWHOHPHQWIRUWKHVZLWFKFRQGHQVHU,WVHSDUDWHVWKHSKWKDOLFDQK\GULGHIURPWKHKHDW
H[FKDQJHU RLO ,I DQ\ WXEHWXEH VKHHW MRLQW GHJUDGHV RU IDLOV LQ SKWKDOLF DQK\GULGH VZLWFK FRQGHQVHUV WKH KHDW
WUDQVIHU RLO FDQ OHDN RXW DQG EHPL[HGZLWK SKWKDOLF DQK\GULGH GLUHFWO\ GXULQJ RSHUDWLRQ ,W DIIHFWV QRW RQO\ WKH
RYHUDOORSHUDWLRQUHGXFLQJ WKHHIILFLHQF\RISKWKDOLFDQK\GULGHSURGXFWLRQEXWDOVRSRVHV WKHVDIHW\FRQFHUQ7KH
HOOLSWLFDOWXEHVDUHZLGHO\XVHGLQSKWKDOLFDQK\GULGHVZLWFKFRQGHQVHUVIRUSKWKDOLFDQK\GULGHFROOHFWLRQHDVLO\7KH
LQWHUIDFHV EHWZHHQ WKH HOOLSWLFDO WXEH DQG WXEH VKHHW DUH SDUWLFXODUO\ GLIILFXOW WR WHVW GXH WR ODUJH WHPSHUDWXUH
JUDGLHQWVDQGWKHFRPSOLFDWHJHRPHWU\&UDFNGHYHORSPHQWLQWKHHOOLSWLFDOWXEHDQGWXEHVKHHWZHOGLQJUHJLRQLVD
FRPPRQLVVXH7KHORFDOVWUHVVOHYHOVIURPWKHDSSOLHGORDGLQJWKHUPDOVWUHVVDQGUHVLGXDOVWUHVVFRQWULEXWHWRWKH
IDLOXUHVFHQDULR7KXVWKHUHVLGXDOVWUHVVIRUWKHZHOGLQJRIWXEHWRWXEHVKHHWLVSDLGPRUHDQGPRUHDWWHQWLRQ>@
7KHUHDUHVXEVWDQWLDOOLWHUDWXUHVFRQFHUQLQJQXPHULFDOLQYHVWLJDWLRQRQZHOGLQJUHVLGXDOVWUHVV;XHWDO>@XVHG
ILQLWHHOHPHQWPHWKRGWRSUHGLFWWKHUHVLGXDOVWUHVVHVLQDWXEHWRWXEHVKHHWZHOGRIDKHDWH[FKDQJHU.RQJHWDO>@
GHYHORSHGD'ILQLWHHOHPHQWPRGHOWRLQYHVWLJDWHWKHUPDOO\LQGXFHGVWUHVVILHOGGXULQJK\EULGODVHU±JDVWXQJVWHQ
DUFZHOGLQJSURFHVV%DUVRXPHWDO>@HVWDEOLVKHGD'ZHOGLQJVLPXODWLRQSURFHGXUHDQGIRXQGLWZDVVXLWDEOHIRU
UHVLGXDO VWUHVVSUHGLFWLRQV IRU LQFRUSRUDWLRQ LQ IXUWKHU IDWLJXHFUDFNJURZWKDQDO\VLV IURPZHOGGHIHFWVHPDQDWLQJ
IURPWKHZHOG WRHDQG WKHXQIXVHGURRW0RVKD\HGLHWDO >@FRPELQHGQXPHULFDOVLPXODWLRQZLWKH[SHULPHQW WR
LQYHVWLJDWHWKHZHOGLQJUHVLGXDOVWUHVVHV
$OWKRXJKWKHUHDUHPDQ\UHSRUWVUHJDUGLQJWKHQXPHULFDOLQYHVWLJDWLRQRQZHOGLQJUHVLGXDOVWUHVVWKHUHDUHIHZ
UHSRUWVFRQFHUQLQJWKHUHVLGXDOVWUHVVLQHOOLSWLFDOWXEHWRWXEHVKHHWMRLQW,QWKLVVWXG\)(0ZDVXVHGWRSUHGLFWWKH
ZHOGLQJUHVLGXDOVWUHVVLQWKHHOOLSWLFDOWXEHWRWXEHVKHHWZHOGRIDSKWKDOLFDQK\GULGHVZLWFKFRQGHQVHU,QRUGHUWR
YDOLGDWHWKHVLPXODWHGUHVXOWVDWHVWVDPSOHZLWKFLUFXODUVKDSHGWXEHWRWXEHVKHHWMRLQWZDVSUHSDUHG$QGWKHQWKH
ZHOGLQJ UHVLGXDO VWUHVVHV LQ WKH FLUFXODU WXEH WR WXEH VKHHW ZHOG ZHUH VLPXODWHG E\ WKH )(0 DQG VWXGLHG
H[SHULPHQWDOO\E\WKH;UD\GLIIUDFWLRQPHWKRG
)LQLWHHOHPHQWDQDO\VLVRIWKHHOOLSWLFDOWXEHWRWXEHVKHHWMRLQW
,QRUGHUWRVWXG\WKHZHOGLQJUHVLGXDOVWUHVVLQWKHHOOLSWLFDOWXEHWRWXEHVKHHWZHOGRIDSKWKDOLFDQK\GULGHVZLWFK
FRQGHQVHU)(0ZDVXVHG$'VHTXHQWLDOFRXSOLQJWKHUPDOVWUXFWXUDODQDO\VLVPRGHOZDVHVWDEOLVKHGWRFDOFXODWH
WKHZHOGLQJ WHPSHUDWXUHDQGUHVLGXDOVWUHVVXVLQJ WKHFRPPHUFLDOFRGH$16<6)LUVWO\ WKH WKHUPDODQDO\VLVZDV
FRQGXFWHGWRVLPXODWHWKHZHOGLQJWHPSHUDWXUHKLVWRU\6HFRQGO\WKHWHPSHUDWXUHUHVXOWVZHUHDSSOLHGLQFUHPHQWDOO\
WR WKH VWUXFWXUDO PRGHO WR FDOFXODWH WKH ZHOGLQJ UHVLGXDO VWUHVV )RU WKH ILQLWH HOHPHQW DQDO\VLV ELUWK DQG GHDWK
HOHPHQW WHFKQLTXH ZDV XVHG WR PRYH WKH ORDG RI ZHOGLQJ KHDW VRXUFH DQG WR VLPSOLI\ WKH VROXWLRQ SURFHVV ,Q
DGGLWLRQWKHWKHUPDOVWUXFWXUHFRXSOHIXQFWLRQZDVXVHGLQ$16<6FRGHIRUWKHDQDO\VLVLQWKLVZRUN
2.1. Geometrical parameters and meshing  
7KHJHRPHWU\DQGGLPHQVLRQVRIWKHHOOLSWLFDOWXEHWRWXEHVKHHWMRLQWDUHVKRZQLQ)LJ)RUWKHFRQYHQLHQFHRI
WKLVFDOFXODWLRQDQHOOLSWLFDOVKDSHGWXEHVKHHWZDVPRGHOLQJLQWKLVVLPXODWLRQ7KHWKLFNQHVVHVRIWKHWXEHDQGWKH
WXEHVKHHWDUHPPDQGPPUHVSHFWLYHO\7KHGLPHQVLRQVRIWKHHOOLSWLFDOWXEHVKHHWDUHPPLQWKHORQJD[LV
DQGPPLQWKHVKRUWD[LV7KHGLPHQVLRQVRIWKHHOOLSWLFDOWXEHDUHPPLQWKHORQJD[LVDQGPPLQWKHVKRUW
D[LV$'PRGHOZDVHVWDEOLVKHGEDVHGRQWKHDFWXDOVWUXFWXUHDQGLVVKRZQLQ)LJ7KHILQLWHHOHPHQWPRGHO
FRQVLVWHGRIHOHPHQWVDQGQRGHVDIWHUPHVKLQJ7KHLQGLUHFWPHWKRGZDVXVHGLQWKHVLPXODWLRQ%DVHG
RQ WKH WHPSHUDWXUH ILHOG UHVXOWV ZHOGLQJ UHVLGXDO VWUHVVHV ZHUH FDOFXODWHG E\ FKDQJLQJ WKHUPDO HOHPHQWV 7KH
HOHPHQWW\SHVDUH62/,'DQG62/,'IRUWKHWKHUPDODQDO\VLVDQG62/,'DQG62/,'IRUWKHVWUXFWXUDO
DQDO\VLV
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2.2. Material properties  
7KHWXEHVKHHWZDVPDGHRIORZDOOR\VWHHO45LQD&KLQHVHJUDGHZKLFKLVWKHVDPHDVWKHPDWHULDORIZHOG
PHWDO7KHPDWHULDORIWKHWXEHLVVWHHOLQD&KLQHVHJUDGH)RUWKHUPDODQGPHFKDQLFDODQDO\VLVWKHUPRSK\VLFDO
DQGPHFKDQLFDOSURSHUWLHV>@RIWKHPDWHULDOVDWYDULRXVWHPSHUDWXUHVDUHOLVWHGLQ7DEOH


)LJ*HRPHWU\DQGGLPHQVLRQVRIWKHWXEHDQGWXEHVKHHWZHOG

)LJ0RGHOIRUILQLWHHOHPHQWDQDO\VLV
7DEOH0DWHULDOSURSHUWLHVIRU45DQGVWHHO
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2.3. Thermal analysis 
7KHIRUPDWLRQRIZHOGLQJUHVLGXDOVWUHVVZDVGXHWRWKHXQHYHQWHPSHUDWXUHVSURGXFHGE\WKHPRYLQJRIZHOGLQJ
KHDWVRXUFH>@7KHKHDWRIWKHZHOGLQJDUFZDVPRGHOHGE\DVXUIDFHKHDWVRXUFHZLWKD*DXVVLDQGLVWULEXWLRQLQ
WKLVVWXG\7KH*DXVVLDQGLVWULEXWLRQRIKHDWIOX[LVVKRZQLQ)LJ,QRUGHUWRIXUWKHUDQDO\]HWKHZHOGLQJUHVLGXDO
VWUHVVWKUHHSDWKVQDPHO\3ǃ3DQG3DUHGHILQHGDVVKRZQLQ)LJ3DWK3LVDORQJWKHFHQWHURIZHOGIURP
WKHEHJLQQLQJRIWKHZHOGLQJLHeLQ)LJWRWKHHQGRIWKHZHOGLQJLHe3DWK3LVDORQJWKHGLUHFWLRQ
RIORQJD[LVRIWKHHOOLSWLFDOWXEHVKHHWIURPWKHFHQWHURIWKHZHOGWRWKHRXWVLGHRIWKHWXEHVKHHW3DWK3LVDORQJ
WKHGLUHFWLRQRIVKRUWD[LVRIWKHHOOLSWLFDOWXEHVKHHWIURPWKHFHQWHURIWKHZHOGWRWKHRXWVLGHRIWKHWXEHVKHHW

  
 )LJ+HDWIORZGHQVLW\RI*DXVVLDQGLVWULEXWLRQ )LJ'LIIHUHQWSDWKVLQWKHWXEHWXEHVKHHWMRLQW
2.4. Structural analysis 
$VPHQWLRQHGDERYHWKHUHVLGXDOVWUHVVLVFDOFXODWHGE\XVLQJWKHWHPSHUDWXUHUHVXOWVREWDLQHGIURPWKHWKHUPDO
DQDO\VLV DV LQSXW GDWD 7KH PDWHULDO SURSHUWLHV UHODWHG WR WKH UHVLGXDO VWUHVV DUH <RXQJ¶V PRGHO \LHOG VWUHQJWK
3RLVVRQ¶V UDWLR DQG FRHIILFLHQW RI WKHUPDO H[SDQVLRQ 'XULQJ WKH VWUXFWXUDO DQDO\VLV 1/*(20 ZDV VHW WR RQ
(OHPHQWELUWKDQGGHDWKWHFKQRORJ\ZDVDOVRXVHGIRUWKHVWUHVVDQDO\VLV'XULQJWKHZHOGLQJWKHUHLVQRVWUHVVLQWKH
PROWHQSRRO7KHUHIRUHWKHWHFKQRORJ\FDQ³NLOO´WKHZHOGPHWDOHOHPHQW>@
9HULILFDWLRQRIWKHILQLWHHOHPHQWDQDO\VLV
,QRUGHUWRYHULI\WKHUHVXOWVRIQXPHULFDOVLPXODWLRQRIWKHHOOLSWLFDOWXEHWRWXEHVKHHWZHOGDWHVWVDPSOHZLWK
FLUFXODUVKDSHGWXEHWRWXEHVKHHWMRLQWZDVSUHSDUHGDVVKRZQLQ)LJ7KHGLPHQVLRQVRIWKHWXEHVKHHWDUHPP
LQ OHQJWKPPLQZLGWKDQGPPLQ WKLFNQHVV7KHGLPHQVLRQVRI WKH WXEHDUHPPLQ WKHRXWVLGHGLDPHWHU
PPLQWKHLQVLGHGLDPHWHUDQGPPLQWKHOHQJWK7KHJHRPHWU\DQGGLPHQVLRQVRIWKHZHOGFURVVVHFWLRQIRU
WKHZHOGLQJDUHWKHVDPHDVWKRVHVKRZQLQ)LJ7KHWXEHVKHHWZDVPDGHRIORZDOOR\VWHHO45LQD&KLQHVH
JUDGHZKLFKLVWKHVDPHDVWKHPDWHULDORIZHOGPHWDO7KHPDWHULDORIWKHWXEHLVVWHHO7KHZHOGLQJPHWKRGDQG
ZHOGLQJSDUDPHWHUVIRUWKHFLUFXODUWXEHWRWXEHVKHHWMRLQWDUHWKHVDPHDVWKRVHXVHGIRUWKHHOOLSWLFDOWXEHWRWXEH
VKHHWMRLQW
%DVHGRQ WKH WHVW VDPSOH VWUXFWXUH D 'PRGHOZDV EXLOW DQG LV VKRZQ LQ)LJ 7KH HOHPHQW W\SHV IRU WKH
WKHUPDO DQG VWUXFWXUDO DQDO\VLV DUH DV WKH VDPH DV WKRVH LQ WKHPRGHO VKRZQ LQ )LJ  7KHPHVKLQJ ERXQGDU\
FRQGLWLRQVDQGDSSOLHGORDGVDUHDOVRVLPLODUWRWKRVHLQWKHPRGHOVKRZQLQ)LJ)RUWKHWKHUPDODQGPHFKDQLFDO
DQDO\VLVWKHUPRSK\VLFDODQGPHFKDQLFDOSURSHUWLHVRIWKHPDWHULDOVDWYDULRXVWHPSHUDWXUHVDUHWKHVDPHDVWKRVH
OLVWHGLQ7DEOH7KHILQLWHHOHPHQWDQDO\VLVZDVFRQGXFWHGIRUWKHFLUFXODUWXEHWRWXEHVKHHWMRLQW7KHVLPXODWHG
UHVXOWVDUHVKRZQLQ)LJ
,QRUGHUWRYHULI\WKHILQLWHHOHPHQWDQDO\VLVWKH;UD\GLIIUDFWLRQPHWKRGZDVHPSOR\HGWRVWXG\WKHZHOGLQJ
UHVLGXDOVWUHVV(LJKWWHVWSRLQWVDORQJWKHFHQWHURIWKHZHOGWRWKHRXWVLGHRIWXEHVKHHWZHUHFKRVHQIRUWKHWHVWDV
VKRZQLQ)LJ7KHGLVWDQFHEHWZHHQWZRSRLQWVLVPPLQWKLVZRUN7KHH[SHULPHQWDOUHVXOWVDUHDOVRVKRZQLQ
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)LJ  ,W FDQ EH VHHQ IURP )LJ  WKDW WKH VLPXODWHG UHVXOWV DUH LQ DJUHHPHQW ZLWK WKH H[SHULPHQWDO UHVXOWV ,W
LQGLFDWHVWKDWWKHILQLWHHOHPHQWSURJUDPGHYHORSHGKHUHFDQEHXVHGIRUUHVLGXDOVWUHVVDQDO\VLVLQWKHHOOLSWLFDOWXEH
WRWXEHVKHHWMRLQWLQWKLVVWXG\

  
 )LJ7KHSLFWXUHRIWKHWHVWVDPSOH )LJ7KHILQLWHHOHPHQWPRGHO


)LJ&RPSDULVRQRIUHVLGXDOVWUHVVUHVXOWVEHWZHHQE\)(0DQGE\H[SHULPHQWDOPHDVXUHPHQW
5HVXOWVDQGGLVFXVVLRQ
)LJXUHVDEFDQGGVKRZWKHVLPXODWHGUHVXOWVRI9RQ0LVHVVWUHVVHVDWWKHZHOGLQJWLPHVRIVVV
DQG V UHVSHFWLYHO\ ,W FDQ EH VHHQ IURP)LJ D WR )LJ G WKDW WKHUHZHUH QR VWUHVVHV DW WKH LQVWDQWDQHRXV
ORFDWLRQRIWKHKHDWVRXUFHGXULQJZHOGLQJZKLOHWKHVWUHVVHVDSSHDUHGDZD\IURPWKHZHOGLQJKHDWVRXUFH
7KH VLPXODWHG UHVXOWV RI WKH ZHOGLQJ UHVLGXDO VWUHVV LQ WKH HOOLSWLFDO WXEH WR WXEH VKHHW MRLQW RI WKH SKWKDOLF
DQK\GULGHVZLWFKFRQGHQVHUDUHVKRZQLQ)LJ)URP)LJLWFDQEHREVHUYHGWKDWWKH0LVHVVWUHVVHVLQWKHUHJLRQ
RI WKH HOOLSWLFDO ZHOGZHUH ODUJHU WKDQ WKRVH LQ RWKHU DUHDV DQG WKH0LVHV VWUHVV GHFUHDVHGZLWK WKH LQFUHDVH RI
GLVWDQFHDZD\IURPWKHZHOG,WLVIRXQGIURP)LJWKDWWKHPD[LPXPUHVLGXDOVWUHVVIRUZHOGLQJDSSHDUHGLQWKH
ZHOGDORQJWKHGLUHFWLRQRIORQJD[LVRIWKHHOOLSWLFDOZHOG
)LJXUHVKRZVWKHUHVLGXDOVWUHVVHVDORQJWKHUHIHUHQFHSDWK3,WFDQEHVHHQIURP)LJWKDWWKHORFDWLRQV
RIDQGLQWKHUHJLRQRIWKHHOOLSWLFDOZHOGKDGODUJHUHVLGXDOVWUHVVHVFRPSDUHGZLWKWKHORFDWLRQVRI
DQGLQWKHUHJLRQRIWKHHOOLSWLFDOZHOG,WLVIRXQGIURP)LJWKDWWKHSHDNVWUHVVDWORFDWLRQRIZDVQRW
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HTXDOWRWKDWDWORFDWLRQRIRU7KLVFRXOGEHGXHWRKHDWWUHDWPHQWDVWKHKHDWVRXUFHPRYHGWRWKHEHJLQQLQJ
RIWKHZHOGDJDLQ7KHPD[LPXPUHVLGXDOVWUHVVDSSHDUHGDWWKHORFDWLRQRILQWKHUHJLRQRIWKHHOOLSWLFDOZHOG
DQGUHDFKHGLWVSHDNYDOXHDW03D
)LJXUHLQGLFDWHVWKHUHVLGXDOVWUHVVHVDORQJWKHUHIHUHQFHSDWKV3DQG3,WFDQEHREVHUYHGWKDWWKHUHVLGXDO
VWUHVVGHFUHDVHGJUDGXDOO\ZLWKWKHLQFUHDVHRIWKHGLVWDQFHDORQJWKHSDWK3IURPWKHHOOLSWLFDOZHOGWRWXEHVKHHW
+RZHYHUWKHUHVLGXDOVWUHVVGHFUHDVHGLQLWLDOO\VKDUSO\ZLWKWKHLQFUHDVHRIWKHGLVWDQFHDORQJWKHSDWK3DQGWKHQ
WKHUHVLGXDOVWUHVVGHFUHDVHGJUDGXDOO\ZLWKWKHLQFUHDVHRIWKHGLVWDQFHZKHQWKHGLVWDQFHZDVODUJHUWKDQPP

 D  E 
 F  G 
)LJ7KH9RQ0LVHVVWUHVVGLVWULEXWLRQDWDVEVFVDQGGV


)LJ5HVLGXDOVWUHVVGLVWULEXWLRQDIWHUZHOGLQJ

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
)LJ7KHUHVLGXDOVWUHVVHVDORQJWKHSDWK3

)LJ7KHUHVLGXDOVWUHVVHVDORQJSDWKV3DQG3
&RQFOXVLRQV
7KHZHOGLQJUHVLGXDOVWUHVV LQ WKHHOOLSWLFDO WXEH WR WXEHVKHHW MRLQWRI WKHSKWKDOLFDQK\GULGHVZLWFKFRQGHQVHU
ZDVLQYHVWLJDWHGXVLQJILQLWHHOHPHQWPHWKRG$WHVWVDPSOHZLWKFLUFXODUVKDSHGWXEHWRWXEHVKHHWMRLQWZDVDOVR
VWXGLHGERWKQXPHULFDOO\DQGH[SHULPHQWDOO\WRYHULI\WKHILQLWHHOHPHQWDQDO\VLV7KHIROORZLQJFRQFOXVLRQVFDQEH
PDGH
7KHVLPXODWHGUHVXOWVVKRZWKDW WKHZHOGLQJUHVLGXDOVWUHVVHV LQ WKHUHJLRQRI WKHHOOLSWLFDOZHOGZHUHODUJHU
WKDQWKRVHLQRWKHUDUHDVDQGWKHUHVLGXDOVWUHVVHVGHFUHDVHGZLWKWKHLQFUHDVHRIGLVWDQFHDZD\IURPWKHZHOG7KH
PD[LPXPZHOGLQJUHVLGXDOVWUHVVDSSHDUHGLQWKHZHOGDORQJWKHGLUHFWLRQRIORQJD[LVRIWKHHOOLSWLFDOZHOG
7KHSHDNUHVLGXDOVWUHVVDWORFDWLRQRIZDVQRWHTXDOWRWKDWDWORFDWLRQRIRULQWKHUHJLRQRIWKH
HOOLSWLFDOZHOG7KHPD[LPXPSHDN UHVLGXDO VWUHVV DSSHDUHGDW WKH ORFDWLRQRI LQ WKH UHJLRQRI WKHHOOLSWLFDO
ZHOGDQGUHDFKHGLWVSHDNYDOXHDW03DLQWKLVZRUN
7KHUHVLGXDOVWUHVVGHFUHDVHGLQLWLDOO\VKDUSO\ZLWKWKHLQFUHDVHRIWKHGLVWDQFHDORQJWKHSDWK3DQGWKHQWKH
UHVLGXDOVWUHVVGHFUHDVHGJUDGXDOO\ZLWKWKHLQFUHDVHRIWKHGLVWDQFHZKHQWKHGLVWDQFHZDVODUJHUWKDQPP
([SHULPHQWDO UHVXOWV DUH LQ JRRG DJUHHPHQWZLWK WKH QXPHULFDO VLPXODWLRQ UHVXOWV 7KH UHVXOWV LQ WKLVZRUN
FRXOGEHXVHIXOWRWKHRSWLPDOGHVLJQRIWKHWXEHDQGWXEHVKHHWMRLQWRISKWKDOLFDQK\GULGHVZLWFKFRQGHQVHUV
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